The synthesis and photophysical properties of four squaramide based fluorescent anion sensors (1À4) are described. These luminescent compounds showed selectivity for Cl À over various other anions with concomitant changes in both their UV/visible and fluorescence properties upon Cl À addition, attributed to initial H-bonding followed by NH deprotonation in the presence of excess Cl À , signaled by a color change. The nature of the electron withdrawing aryl substituents is directly related to the H-bonding ability/acidity of the squaramide protons and can be used to tune the deprotonation behavior.
Colorimetric and luminescent sensors provide a visual method for detection of a wide range of chemical species. Substantial effort has recently been invested in the synthesis of such chemosensors for detection of anions in many diverse areas including biology, industry, and the environment. 1À3 In particular, the design of charge neutral sensors capable of binding anions in competitive media, where the spectroscopic properties arising from the sensors, e.g. a color change, are modulated by addition of the external analyte has become a popular method of sensing chemical species. 4 Anion recognition has been successfully achieved through the use of numerous neutral receptors including imidazoles, 5 22 Comprising a conformationally rigid cyclobutene structure in combination with a strong hydrogen bond donor ability, 23 these moieties have been exploited in numerous applications ranging from medicinal chemistry to catalysis 24 and more recently in the design of new anion receptors and transporters.
25À29
The intense coloration observed with sensors that make use of amide, urea, and thiourea moieties is often a result of deprotonation in the presence of basic anions and delocalization of the resulting anion throughout the receptor. Similarly, recent reports from the groups of Fabbrizzi et al. 26 and Taylor et al. 29 have suggested that deprotonation of the squaramide moiety by basic anions such as AcO À , H 2 PO 4 À , and F À is even more favorable due to the negative charge delocalization being extended to the entire molecular framework. Considering the unique properties of the squaramide functional group, we set out to exploit their strong anionic recognition potential by synthesizing a family of spectroscopically responsive receptors for anions. Herein, we describe the synthesis of receptors 1À4 based on a squaramide recognition moiety covalently tethered to a luminescent anthracene reporter group, which has been used extensively in the field of luminescent anion recognition, including in previously reported urea and thiourea analogues of 1 À4.
4
By incorporating various electron withdrawing substituents, such as trifluoromethyl and nitro groups, on the squaramide aryl substituent we envisaged being able to 'tune' both the selectivity and sensitivity of the anion recognition. Unsymmetrical squaramides 1À4 were synthesized by the reaction of 9-aminomethyl anthracene 30 with the corresponding squarate monoesters (5À8) to afford 1À4 in 75%, 79%, 94%, and 96% yield, respectively (Scheme 1). The monoesters were assembled via a room-temperature coupling of diethyl squarate (9) with the appropriate anilines (10À13) in the presence of Zn(OTf) 2 29 (see Supporting Information (SI) for experimental details). Crystals suitable for single crystal X-ray analysis were obtained for 1À3 by recrystallization from concentrated DMSO solutions allowing the evaluation of their solid-state behavior (Figure 1) . Tables of H-bonds, data collection, and refinement details can be found in the SI. 1, 2, and 3 were each found to be H-bonded to a DMSO molecule in the solid state with the squaramide moiety acting as both a H-bond donor and acceptor to a pair of DMSO molecules in the crystal lattice. Stacking interactions between the anthracene moieties were also clearly evident in the packing structure of each analogue (SI). With receptors 1À4 in hand, we next evaluated their ability to detect anions in solution by titration of 'nonbasic' anions Cl À , Br À , I À , and NO 3 À as their tetrabutylammonium salts (TBA þ ), observing any changes in both their ground and excited state properties. In contrast to studies by Taylor et al., 29 the presence of only a single electron withdrawing aryl group on the squaramide did not result in deprotonation in DMSO. Upon titration of these sensors with Br À , I À , and NO 3 À , very minor changes were seen in the absorption spectra of 1À4 suggesting that little interaction of these anions is occurring at the squaramide. In contrast, much more significant changes were seen upon addition of Cl À . Large modulations were observed in the absorption spectra of 1À3 but only minor changes were observed for 4. The absorption spectrum of 1 changed significantly upon incremental additions of Cl À with a 44% increase in absorption of its band at 393 nm being observed and a concomitant decrease in the band at 355 nm resulting in an isosbestic point at 360 nm. Similarly, 2 showed a 55% increase at 393 nm and a decrease of the 355 nm band also resulting in an isosbestic point at 360 nm. The changes for both 1 and 2 culminated in a color change from colorless to yellow, observable to the naked eye upon addition of excess Cl À . The nitro derivative 3 displayed more dramatic changes. As shown in Figure 2 , addition of Cl À resulted in the decreasing absorbance of the bands at 380 and 400 nm coupled to absorbance increases in the bands at 360 and 540 nm with the emergence of a new band at 325 nm. Moreover, each of the bands also exhibited blue shifts of ∼5À10 nm for each of the anthracenyl transitions. These changes resulted in a color change from orange to deep pink/red. From these titrations we estimated the stability constants (log β) for chloride to be ∼2.93, 2.06, and 2.83 for squaramides 1, 2, and 3, respectively, which are considerably higher than those of the urea and thiourea analogues for which a log β value for Cl À could not be calculated under the same conditions. 31 In general, the observation of large changes in the ground state properties of neutral anion sensors is a result of a deprotonation event. F À is one of the more basic anions and is known to deprotonate ureas, thioureas, and squaramides.
2,26 However, to the best of our knowledge, Cl À anions have not previously been shown to result in deprotonation of a H-bond receptor. To determine whether the changes we observed upon addition of Cl À to receptors 1À3 were due to deprotonation or H-bonding, a series of F À titrations were also undertaken. Upon addition of F À to 1 and 2, a stark color change was immediately observed from colorless to yellow in a manner analogous to that described for Cl À . Such changes suggest that deprotonation is responsible for the color changes observed with excess Cl À . Sensor 3 also exhibited a color change from orange to deep pink at low concentrations of F À as was seen with Cl À , but further additions of F À resulted in a second color change from pink to blue/purple suggesting a second deprotonation event (Figure 2 ) as has been previously observed for bis(4-nitrophenyl) substituted squaramides in the presence of excess F À . 29 We confirmed this deprotonation behavior by titration of 3 with TBAOH, which resulted in analogous changes (SI) where the formation of a band at 540 nm corresponding to the mono-deprotonated species (red) was observed initially but was followed by a decrease in the band at 540 nm and the concomitant formation of a new absorption band at 675 nm corresponding to the doubly deprotonated derivative (blue). These results indicate for the first time that, when strong electron withdrawing groups are attached to the squaramide moiety, it is possible to detect Cl À ions by a color change induced by deprotonation. Having observed such stark colorimetric changes in the ground state properties of 1À4 we were also keen to investigate their excited state properties in the presence of each of the anions described above. Gunnlaugsson and co-workers have published a number of examples of PET sensors based on the combination of anthracene and both ureas and thioureas; 30, 31, 33 however, to the best of our knowledge such sensors taking advantage of the squaramide moiety have not yet been reported. As such, we expected that interaction of anionic guests with the squaramide based receptors would result in significant changes to their excited state properties. Again, minor changes were observed in the emission spectra of 1À4 upon titration with Br À , I À , and NO 3 À , further confirming the minimal nature of interaction of these anions with any of the receptors. Titration with Cl À , however, led to much more significant changes as shown in Figure 3 for 1, where fluorescence quenching was observed. The observed excimer emission centered at 530 nm was significantly ''switched off'' by 66% in the presence of Cl À ions. A similar effect was observed for 2 but with a smaller emission decrease of 28% being exhibited. Although the excimer emission at 530 nm was less obvious in the case of 3, it too underwent an emission decrease and these changes corresponded well to those observed for 1 (SI). The emission spectrum of compound 4 did not change significantly upon addition of Cl À . Interestingly, in all cases, the monomer emission of the anthracene moiety itself remained largely unchanged, even upon addition of large concentrations of anion, and this suggests that these sensors are not PET sensors; rather their sensing ability is due to their ability to modulate excimer formation, a phenomenon described in a number of reports by Teramae et al.
32,34
We performed 1 H NMR spectroscopic investigations in DMSO-d 6 with each of the sensors 1À4 to establish the stoichiometry of their anion complexes while gaining an understanding of the mechanism of hostÀguest interactions. Similarly, we sought to investigate the effect of the substitution pattern of the phenyl substituents. The data obtained from these titrations, where possible, were plotted as the cumulative changes in chemical shift (Δδ) against the equivalents of anion added, and the resulting plots were analyzed using Hyperquad. Figure 4 shows the changes observed in the 1 H NMR spectrum of 3 upon the addition of Cl À . These changes together with the solid state analysis of these compounds (see below) clearly support a classical H-bonding interaction between the anions and the NH protons of the sensors at low Cl À concentrations. The binding constants (log β) of 1À4 (determined by Hyperquad) with Cl À were calculated as ∼2.25, 2.13, 2.02, and 1.75 for 1, 2, 3, and 4, respectively. On all occasions a good fit to a 1:1 binding isotherm was observed; this was further supported by Job's plot analysis which confirmed a 1:1 binding stoichiometry (SI). The overall results from the Cl À NMR titrations demonstrate the same trend as observed for the ground and excited state studies described above, and highlight the effect the substituents have on the anion affinity of these sensors. Moreover, addition of a large number of equivalents (30 equiv) À ions further supporting the observations described above (SI).
Crystals of both 1 and 4 suitable for X-ray diffraction were obtained in the presence of 5 equiv of tetrabutylammonium chloride (TBACl) (Figure 5 ). Analysis revealed that 1 forms a 1:1 (receptor/anion) complex with Cl À at this concentration where the encapsulated anion is bound by two H-bonding interactions with both available squaramide NH groups. Similarly, the unfunctionalized aryl squaramide 4 also forms a 1:1 complex with chloride, where the anion is again bound by two H-bonding interactions with both available squaramide NH groups. Interestingly, in the case of 1, the NÀCl distance is shortest on the 3,5-trifluoromethylphenyl side of the squaramide, again demonstrating the effect of the more electron withdrawing substituent on the H-bond donor ability of the squaramide NH.
In summary, we have successfully synthesized a family of receptors capable of distinguishing between halide anions by both colorimetric and luminescent modulations. We have demonstrated that the acidity of the squaramide can be effectively tuned by various aryl substituents and this provides for a novel method of selectively recognizing Cl À anions via deprotonation of the squaramide NH proton. We are currently investigating these and related systems in more detail, and results will be reported in due course.
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